Bulk-heterojunction organic photovoltaic (BHJ-OPV) technology promises high efficiency at ultralow cost and weight, with potential for nontraditional applications such as building-integrated photovoltaic (PV). There is a widespread presumption that the complexity of morphology makes carrier transport in OPV irreducibly complicated and, possibly, beyond predictive modeling. However, understanding the complex morphology is important because it not only dictates cell efficiency but also the panel performance and the operating lifetime. In this paper, we derive the fundamental thermodynamic as well as morphology-specific practical limits of BHJ-OPV efficiency and lifetime. We find that performance improvement relies not only on morphology engineering but also on increasing the effective mobility-lifetime (ls) product, the cross-gap between donor/acceptors, and reducing the series resistance. Even if the OPV fails to achieve the highest efficiency anticipated by the thermodynamic limit, its novel form factor, lightweight, and transparency can make it a commercially viable option for many applications.
I. INTRODUCTION AND BACKGROUND
A bulk-heterojunction organic photovoltaic (BHJ-OPV) solar cell [1] [2] [3] [4] [5] consists of two demixed, phase-segregated, bicontinuous, donor-acceptor organic semiconductors capped by a transparent anode and a metallic cathode, see Fig. 1 . Although a wide variety of organic semiconductors [5] [6] [7] have been analyzed, we will consider hole-conducting P3HT and electron-conducting PCBM [red and blue regions in Fig. 1(a) ] as an illustrative example [8] [9] [10] [11] and explore how the fundamental physical properties of polymers translate to ultimate panel efficiency reported in the literature. The operation of BHJ-OPV is often explained as follows [12] [13] [14] [15] : excitons generated by sunlight in such organic semiconductor composite are localized in single conjugated unit of few nanometers and held together by undiluted Coulomb attraction between the charges, typical of low dielectric constant materials. Therefore, if the excitons are not dissociated into free electrons and holes by atomically sharp quasielectric field of donor/acceptor interface [see Figs. 1(b)-1(d)], they would be lost due to selfrecombination. If the phase-segregated morphology is viewed as entangled (or intercalated 16 ) regions of donorrich and acceptor-rich organic semiconductors, as in Fig. 1(a) , one finds that the effective cross-sectional "diameter" of each phase evolves continuously with anneal time, i.e., W D (t a ). During the initial transient of phase separation, the donor/acceptor (D/A) interface is diffuse, and the quasifield may not be strong enough for exciton dissociation. However, the annealing conditions need to be precisely controlled for fabricating the efficient morphology, 17 which should have the following properties: both the D-A phases form percolating pathways to the electrodes, the average D/A domain size (W D ) is comparable to the exciton diffusion length, L ex ¼ ffiffiffiffiffiffiffiffiffi ffi Ds ex p , and the D/A interface is sharply defined, so that the excitons can reach and be dissociated by the heterojunction with high efficiency, see Fig. 1 
(c).
Once dissociated, electrons and holes are spatially separated in their respective polymer channels and remain isolated from each other by the D-A heterojunction (which is typically a type II heterobarrier 18 ) with staggered band gaps, as shown in Fig. 1(d) . The lack of minority carriers in the electron-transporting and hole-transporting regions suppresses bulk recombination, and the high internal field created by the electrode work-function difference [ Fig. 1(b) ] sweeps the free carriers out before they can recombine at the interface. This efficient exciton dissociation, spatial free carrier isolation, and drift-dominated transport of photogenerated carriers explain the exceptionally high quantum efficiency of a BHJ-OPV.
Does improvement in J SC guarantees high efficiency of an organic solar cell? 15, [19] [20] [21] Not necessarily! Since g 5 J SC Â V OC Â FF, overall efficiency can only improve if both the open-circuit voltage (V OC ) and the fill factor (FF) improve with morphology and device parameters. A key concern is that a large D/A interfacial area (A itf ) not only increases J SC but also the recombination of counterpropagating fluxes of free electron and holes [see Fig. 1(d) ]. Such generation-dependent recombination, J rec , is known to reduce FF and V OC . Moreover, significant parasitic shunt conduction associated with thin film structure and high series resistance typical of transparent conductor further erode the overall efficiency of the cell at the panel level, as discussed later in the paper.
In this review article, we emphasize the importance of four simple concepts to explain broad range of empirical observations regarding OPV operation and performance from cell to panel level. They are the three-dimensional (3D) percolation threshold, 22 the power law growth of average cluster size (W D ), 23, 24 simultaneous dependence of J SC and J rec through total interfacial area (A itf ) between the donor-acceptor phases, and statistically distributed shunt/series resistances at the panel level. We find that (i) the requirement of abrupt band discontinuity at the interface, (ii) the negative impact of larger interfacial area on dark current (I dark ) and FF, and (iii) the use of thermodynamically unstable morphology constrain practical achievable efficiency of OPV in fundamental ways. Future improvement in OPV performance must address these fundamental limits of solar cell performance. Here, we only sketch the outline of the arguments; details are described in a series of recent articles from our group. 17, [24] [25] [26] [27] The paper is organized as follows. We first discuss the thermodynamic efficiency limits of organic solar cells based on a slightly modified Shockley-Queisser approach. Next, we illustrate the fundamental role of morphology on the solar cell performance and outline an approach to untangle the complexity of the morphology. Then, we propose few novel concepts for the further enhancement of OPV cell performance. And finally, we show how the requirements of series connection explain the gap between cell and panel performance and identify the critical parameters responsible for panel level efficiency loss.
II. THERMODYNAMIC LIMITS OF OPV: THE SHOCKLEY-QUEISSER APPROACH
A photovoltaic (PV) device converts the energy of photons to useful electrical energy. As a photon engine, the theoretical limit of its efficiency can be calculated based on general considerations of thermodynamics, as formulated by Shockley-Queisser (SQ). 28 For a material with band gap E G , the efficiency is calculated as the ratio of power output, P out , from the solar cells to the power input over the entire solar spectrum P in . The output power is the difference of the total absorbed flux, equilibrated at the chemical potential (V Â I 0 ), and the power lost to blackbody spontaneous emission (V Â I sp ), i.e.:
Here, D(E) is the photon density of states, n BE is the Bose-Einstein distribution, X S is the solid angle of the incident radiation from the sun, and X D is the solid angle of reemission from solar cells. 28, 29 This angle mismatch is fundamental to loss of open-circuit voltage in solar cells, 30 as:
where the first, second, and third terms are related to Carnot loss, angle entropy loss, and photonic density of state, 31 respectively. At room temperature, the right-hand side of Eq. (1e) anticipates the maximum open-circuit voltage within ;2% of those obtained from the numerical solution of SQ equations. The calculation also shows that FF max , 0.92 for solar materials with E g # 2 eV. 30 We wish to emphasize that the constraints of, and hold true to all types of solar cell technology 31, 32 and not specific to excitonic PV. 31, 32 Indeed, the angle entropy loss is implicit in all numerical calculations 33 or explicit in analytical formulation. 28, 29 In addition, V OC can be further degraded (i.e., V OC , V max OC ) through nonradiative recombination and other loss mechanisms.
As already discussed, a BHJ-OPV differs from a classical solar cell because the discontinuity at the heterojunction, i.e., DE ([ LUMO D À LUMO A ), is essential for cell operation, and therefore, the classical SQ formula must be adapted accordingly for BHJ-OPV. The photons are still absorbed at DE G ([ LUMO D À LUMO A ), but they recombine at primarily at the D/A interface with cross-gap Fig. 1(c) . This reduction in emission band gap increases the dark current and reduces efficiency. In other words, Eq. (1c) should now be rewritten as 30 :
Figure 2(a) shows the OPV-specific "SQ limit" for donor/acceptor OPV obtained by solving Eqs. (1) and (2) . The blue solid line in Fig. 2(b Fig. 2(b) ]. 32 As mentioned previously, actual V OC is lower than V max OC due to nonradiative recombination losses. The key to improve V OC (as well as the efficiency) of OPV is to increase the cross-gap E HL [ E G À DE. Note that for a discontinuity of DE ([ LUMO D À LUMO A ) ;0.7 eV, the limiting efficiency at 2 eV (band gap of light-absorbing P3HT layers) is reduced from ;25% to ;13.5%, see Fig. 2(a) . This result should be viewed as an upper limit because we have assumed that the thermalization loss and the free energy gain from the band discontinuity (DE) are sufficient to dissociate excitons into free electron hole pairs. 19 We will now discuss the practical aspects of OPV that reduce the efficiency from ;13.5% to ;5% (for P3HT/PCBM system) and evaluate the merits of various strategies for efficiency improvement.
III. MORPHOLOGY-AWARE MODELING OF OPV
The operation of BHJ-OPV depends on coupled transport of photons, excitons, electrons, and holes through complex phase-segregated material under variable electric field.
12-15 Two types of modeling approaches have been used to analyze these phenomena: some groups have focused on calculating the output response of a cell by solving the coupled transport problem in a homogenized effective media approximation 12, 36, 37 or in an idealized geometry, 38, 39 while others have focused on the mesoscopic physics of various subprocesses 40 (e.g., exciton dissociation at the D/A interface) that could potentially be the rate limiting process for charge transport. The effective media approach provides important insights about the impact of various physical parameters (e.g., carrier mobility, active layer thickness, polymer band gap, etc.) on the solar cell performance and explains the experimentally measured I-V characteristics. However, this approach fails to explain the dependence of the I-V characteristics on the device morphologies fabricated under different processing conditions (e.g., annealing, mixing, etc.). Similarly, the modeling work that exclusively focuses on the various subprocesses (e.g., exciton dissociation) can explain the role of heterojunction morphology at the local scale but does not explain the overall cell performance as a function of various morphologies and process conditions. Thus, the existing modeling approaches are not quite suitable for modeling the multiscale problem of OPV physics because both the local and the global morphology are essential to the performance of OPV, and many characteristic features of the OPV would be lost if these aspects are ignored. We believe that a third The electric current corresponding to the input photons from the sun (short-circuit current) I SP The electric current equivalent corresponding to the photons lost through blackbody radiation (at bias V) P out Output power of the solar cell P in Power input calculated by integrating the AM 1.5 solar spectrum Inorganic cell The first step of end-to-end modeling of OPV involves a theoretical description of the morphology that dictates cell performance. 17, 24 There have been many recent works on the physical characterization of the BHJ morphology by electron tomography, 41, 42 x-ray diffraction, 16 and other advanced scattering techniques. 43 It is now believed that the exact nature of the nanomorphology critically depends on the specific D-A material system. For example, McGehee et al. 16 have shown formation of bimolecular crystals of fullerene, intercalated between the side chains of the semiconducting donor polymers. Depending on the spacing between the side chains of the polymer molecules, the system may either intercalate or mix at the molecular scale (e.g., MDMO-PPV, pBTTT, pTT, etc.) or, alternatively, phase separate at large scale (e.g., P3HT, BEH-BMB-PPV). More recently, Darling et al. 43 have shown hierarchical nanomorphology in the PTB7: fullerene system, where nanocrystallite aggregates of fullerene and polymer are observed in the polymer-rich and fullerene-rich domains, respectively. Thus, it is clear that there is no universal rule or form for the complex BHJ morphology, and hence, a complete generic modeling framework that provides precise and universal description of this broad class of morphology is nearly impossible.
The common theme in the processing of BHJ morphology is the blending of the donor-acceptor molecules, which either leads to microscale phase separation (or molecular scale mixing, MDMO-PPV, pBTTT) or macroscale phase separation (or large-scale phase separation, e.g., P3HT). The kinetics of both these processes can be described by the Cahn-Hilliard (C-H) approach, which requires conservation of D/A phases and an appropriate free energy function ( f ) describing the thermodynamics of the D-A blend. The C-H formalism, however, is a mean field theory: it approximates the composition of D/A phases by an average variable (f), and spatially resolved information regarding microphase is not available. The time evolution of phase variable (f) is given by the following C-H equation [44] [45] [46] :
where u(x, y, z, t) is the volume fraction of one of the D/A phases, M 0 is the Onsager mobility coefficient dictated by the polymers and the solvent, and j is the gradient energy coefficient dictated by interfacial energy between two phases. The free energy function ( f ) of the homogenized mixture depends on entropy, interaction energy (given by the Flory parameter), 44, 46 and the relative sizes of the organic molecules. The detailed description of the free energy and the computational methodology is described in our previous publications. 17, 26 In this modeling framework, 17, 26 we neglect the effects of solvent evaporation and the substrate strain, although substantial work is being done in this regard by a number of groups. 47, 48 The key limitation of this approach is that it cannot give the spatial distribution of the fullerene molecules within the donor-rich or acceptor-rich domains (mean field approximation), i.e., the model cannot describe the formation of hierarchical morphology 43 or formation of BHJ structure starting from bilayer structure. 49 However, so long the phase volumes are conserved and interconversion is excluded, the general notion of phase separation (or intermixing) should apply to broad range of organic semiconductors used for OPV, as a unifying feature of this problem. Modeling these microscopic effects may require multicomponent generalization of the C-H equation or Cellular automata approach, 50 generalization of free energies requiring characterization of broader range of parameters, etc. Indeed, developing such generalized formulation should be an important goal of the field.
In Fig. 3 , we show the simulation results for the morphology evolution during the fabrication process. The initial condition for the simulation is a random mixture with composition fluctuation around the mixing ratio between the two organic components. With anneal duration, as shown in Figs. 3(a)-3(d) , the phase segregation of the D-A molecules takes place with the formation of diffused interfaces between the donor-rich (red) and acceptorrich (blue) domains. Even though the modeling approach is based on several assumptions, the simulated morphology closely resembles the fabricated morphology depicted by tomography and various advanced scattering techniques. [41] [42] [43] [51] [52] [53] [54] 1. Power law growth of domains 24 The phase-segregated morphology, as shown in Figs. 3(a)-3(d) , is a random structure but can be characterized by average domain size, W D , as shown in Fig. 3(d) . The average domain size is a statistical quantity, which is numerically computed for a given morphology. In Fig. 3(e) , we show the domain size growth with anneal duration. Except for the initial fast transient phase, during which morphology is presumed fractal, the size evolution is determined by the Lifshitz-Slyozov law, 23, 46 i.e.,
where t a is the anneal time and
Df is the change in free energy. A single parameter (W D ) description of the morphology evolution can only be taken as a first-order approximation; phase segregation in real polymer blends is far more complex with crystallization of one phase preceding that of the other, 55 intercalation between the phases, 16 etc. This Lifshitz-Slyozov approximation, however, allows one to calculate the interface area A itf between donor and acceptors. Since the phase volume is conserved, the effective surface area (S) scales as
The surface area is the maximum in the well-mixed film, but it reduces as annealing coarsens the film. In our previous work, 24 we have shown that this annealing-dependent coarsening of the morphology can accurately describe the thermal degradation of BHJ-based organic cells, once other mechanisms such as contact degradation [56] [57] [58] [59] or interface trap generation 60 are minimized. Figure 3 (f) shows the close match between the thermal degradation results obtained by measurements (symbols) and predicted by modeling (solid line) based on domain coarsening. Once again, we emphasize that since the approach to morphology evolution described above was primarily developed for polymer-polymer system, it may not accurately or specifically reflect the complex micro-or macrophase segregation of organic polymers. Rather, the results should be viewed as an approximation of the phase segregation process, appropriate for multiscale polymer-to-panel simulation of organic solar cells.
Percolation threshold
Mixing ratio between the D-A molecules is an important parameter for the fabrication of high performance organic solar cells. 22 Experimentally, it has been shown that for a given D-A material pair, there exists an optimum weight ratio for fabricating the most efficient cell. 61 The origin of such optimum weight ratio has been recently explained in terms of the degree of intercalation of the fullerene molecules in the side chain of donor polymer.
In this work, we show that the optimum weight ratio of organic semiconductors is fundamentally constrained by connectivity of phases to respective contacts, which could in turn be related to percolation theory in 3D random geometry. In Fig. 4 , we plot the fractional volume of a given phase (donor: red, acceptor: blue) connected to the appropriate contact, as a function of the volume fraction of the acceptor phase in the mixture. For example, for a donor/acceptor volume mixing ratio of 1:2, the "donor blend phase" (red curve) is fully connected (;1), but the acceptor phase (blue line) forms islands within the donor phase, and only 60-65% of the acceptor volume is actually connected to the contact. The connectivity maximizes for donor:acceptor ratios of 0.8:1 to 1.25:1 because both volumes are almost 100% connected to the respective contacts. Further increase in donor/acceptor ratio leads to island formation for the donors and rapid loss of connectivity to the contacts. Figure 4 can be interpreted in a two-component percolation framework as follows. It is well known that percolation threshold (p ; 0.4. Finally, (iii) light is primarily absorbed in the donor polymer; therefore, it is desirable to have p D ! 0.55 and p A ! 0.45. Given these three constraints, it is easy to see why ;1:1 volume ratio between the donor and acceptor phase gives near optimum performance and moving away from this ratio is so difficult (see Fig. 4 ).
Finally, one can related the weight ratio to volume ratio using the formula:
where q D and q A are density of donor and acceptor molecules, a D , a A , and a opt are the weight ratios of fullerene (or PCBM) molecules to donor molecules in donor-rich phase, acceptor-rich phase, and in the active layer, respectively. As shown in Table III (symbols in Fig. 4 ), despite significant variation in D/A weight ratio, the D/A phase volume ratios are indeed close to those anticipated by the phase connectivity argument.
B. The three metrics of practical OPV
For a given morphology, the output I-V characteristics can be calculated by solving the coupled transport equations for excitons, electrons, and holes. In Fig. 5 , we show such I-V characteristics of organic solar cells for different anneal durations. We use drift-diffusion-based transport equations to describe the carrier dynamics in the OPV morphology. It is well known that drift-diffusion does not describe the complex charge transport in soft polymers fully 38, 68, 69 ; however, the technique has been widely used as a first-order approximation that captures the essential aspects of the transport problem. 36, [70] [71] [72] [73] The detailed description of the model equations and the boundary conditions are described in our previous publications. 17, 26 Here, we report the essence of the morphology-aware transport analysis for BHJ-OPV. Our analysis shows that the empirical features of the key PV matrices 61, 74 (i.e., J SC , FIG. 4 . Optimum mixing ratio (by volume) of donor and acceptor materials. By simulation, we find that 1:1 phase volume ratio ensures that both the donor and acceptor phases form continuous (percolating) pathways for charged carriers between the electrodes. In the figure, V A and V D denote the total volumes of acceptor and donor phases, respectively, and V C,A and V C,D are the volumes of the acceptor and donor phases connected to both contacts, respectively. The shaded area in the plot shows the desirable volume fraction of the acceptor/donor phases, which ensures almost 100% connectivity for both phases. The experimentally observed optimum mixing ratios (w/w) falls within the shaded window after converting the weight ratios into the phase volume ratios using Eq. (4) for three different donor polymers.
V OC , and FF) can be intuitively interpreted in terms of the total interfacial area A itf (t a ) between the D-A phases of the BHJ morphology. Similar characterization of the complex morphology with an effective average quantity such as interfacial area or domain width is also reported by various groups. [75] [76] [77] The analysis identifies the improvements in materials and device configurations necessary to close the substantial gap between efficiency reported in the literature and the corresponding SQ limit discussed earlier.
Morphology-dependent short-circuit current
It is easy to calculate the efficiency of the exciton dissociation at the donor/acceptor interface as 17, 24, 25 :
where G ex is the effective exciton generation rate (for details, see Monestier et al. 78 ),
) is the thickness of the donor layer [ Fig. 1(a) ], with g D being the donor volume fraction in the active layer of film thickness T film . For sufficiently long anneal time that allows the emergence of abrupt D/A interface, W D $ 2L ex and I ex ; G ex A itf ; t Àn a . In other words, the efficiency of exciton dissociation reduces with anneal time as the morphology coarsens, and many excitons are lost to self-recombination before reaching the interface [as shown in Fig. 4(a) ], consistent with the classical view of BHJ operation. Both experimental results and numerical simulations verify this prediction. 17, 24, 79, 80 Equation (4) may suggest that annealing is counterproductive because annealing would coarsen the morphology (i.e., lower A itf ), which would lead to lower exciton collection. Morphology coarsening with annealing is not the entire story though; annealing has two other important functions, which improve the device performance. First, one can show via a one-dimensional analysis of the C-H equation that there is a minimum anneal time to sufficiently phase separate the interface boundaries to produce sharp heterobarrier discontinuity. 81 The diffused and disordered interface creates interfacial defect states, 60,82-84 which increase the interfacial recombination. 85 Second, although J ex }A itf , but so is the interface recombination current, 25 i.e., J rec }A itf (see Sec. III. B. 2). In other words, while finer morphology improves exciton collection, the proximity of the counterpropagating electron and hole channels enhances recombination at the D/A interface and reduces J SC (5 J ex À J rec ). The annealing time, therefore, must be optimized to maximize J SC . Experiments show that a properly optimized cell can achieve quantum efficiency approaching 100% at the short-circuit condition. 7 TABLE III. Relationship between weight ratio (donor molecule:acceptor molecule) and volume ratio (donor phase:acceptor phase). Density of PCBM (q A ) is assumed 1.5 g/cc and the acceptor phase consists of only PCBM. 
Morphology-independent open-circuit voltage
The introduction of BHJ improves J SC ð}A itf Þ dramatically, but remarkably, all empirical evidences suggest that annealing has very little effect on V OC . 25, 67, [86] [87] [88] Again, an appreciation of the unique operation and geometry of the BHJ-OPV resolves the puzzle, as follows. 25 At the open-circuit condition, the total recombination current (I rec 1 I dark ) cancels the photogeneration current (;I ex ), making the net current zero, see Fig. 6 . The recombination current at V OC is given by:
where c is the bimolecular recombination constant, n int is the intrinsic carrier concentration at the D-A interface, nðz 
The ls product and FF
For a given polymer pair and specific set of electrodes, the cell can be designed so that J SC is close to the theoretical maximum. 7 And, as discussed in Sec. III. B. 2, V OC is dictated by the cross-gap (E HL [ E G À DE). 25, 34 Therefore, the gap between theoretical SQ efficiency and that of practical BHJ-OPV must be traced to the difference in FF. The "intrinsic FF" reflects the ability of contacts to collect the photogenerated carriers, 33, [89] [90] [91] [92] [93] especially at low-field, when the cell is forward biased to achieve maximum power output. Although FF can ideally reach 0.9, the experimentally reported FF BHJ values for P3HT:PCBM are in the range of ;0.5-0.6. 94 The origin of the low FF can be understood as follows.
The voltage dependence of the photocurrent, which decides the FF in OPV, is generally explained by the field-dependent charger transfer (CT) exciton dissociation models. 95, 96 Recently, it has been shown by various groups 33, [89] [90] [91] [92] [93] that the CT excitons almost invariably lead to free charge carriers, and hence, voltage-dependent photocurrent (and hence the FF) is dictated by the recombination of the free charges at the D-A interfaces. This can be understood more clearly from the band diagram shown in Fig. 7(a) , where we show the various current fluxes originating at the D-A interfaces. Here, J ex is the exciton diffusion flux or the rate of charge generation, J ph is the photocurrent or the rate of charge extraction, and J rec is the recombination rate at the interface, such that J ex [ J ph (V) 1 J rec (V). See Fig. 7(a) for the definition of these current components and Fig. 7(b) plots the results from numerical simulation. Since excitons are neutral, exciton flux (J ex ) is voltage independent (red line) and it is determined by total absorption and exciton diffusion length. The photocurrent [blue line in Fig. 7(b) ] is predominantly the drift current [96] [97] [98] dictated by the electric field and the mobility, i.e., J ph 5 qn I lE 5 qn I m d . Here, m d is the drift velocity and n I is the free carrier density at D-A interface. Similarly, the recombination current [black line in Fig. 7(b) ] is proportional to the recombination speed at the interface, given by m rec 5 W int /s rec . Here, W int is the effective width (;1 nm) of the interface and s rec is the charge recombination time. For bimolecular recombination mechanism, s rec is inversely proportional to the bimolecular recombination coefficient (c). Thus, the voltage dependence of the photocurrent can be expressed as 
Here, the electric field % (V bi À V)/T film , where V bi is the built-in voltage defined by the work function of the electrodes and V is the operating voltage. At short-circuit condition, V 5 0 V, so that E is high and J ph (V 5 0) ; J ex -the efficiency of carrier collection is high. At maximum power point (V 5 V m ), electric field is suppressed, so that J ph (V) ; lsEJ ex /W int , which suggests that even with perfect exciton dissociation at the D/A interface, the poor ls product (typical of polymers and polymer interfaces) ensures dramatic reduction of the total photocurrent close to maximum power point, leading to empirically observed low FF. The expression for J ph (V) suggests that the FF BHJ can be improved with higher mobility polymers 99, 100 or improved quality of interface that suppresses recombination (higher s rec ), strategies that we will discuss below.
IV. STRATEGIES FOR EFFICIENCY ENHANCEMENT
The organic semiconductors used in OPV literature are often characterized by unique morphology and nature of carrier transport could vary depending on specific technologies. Nevertheless, the generic theory of BHJ-OPV discussed can help us assess the prospects of several strategies of performance improvement suggested by several groups [101] [102] [103] in the recent past to improve OPV efficiency, as discussed next.
A. Improved efficiency from morphology engineering
There is a perception that regularized fin-like morphology based on top-down templated heterostructure (Fig. 8) 101,102 or self-assembled kinetically trapped morphologies like double gyroids could fundamentally improve PV efficiency by providing connected conduction channels to the respective contacts for every electron/hole generated by exciton dissociation. Indeed, two-dimensional (2D) cross-sectional images of a random phase-segregated morphology do show a large number of electrically isolated islands that appears to contribute to extinction of exciton, without contributing to J ph .
Like a network in "plumber's nightmare," a 2D cut provides an incomplete representation of the 3D system. Elementary results from percolation theory suggest that the notion of random 1:1 structure containing a large number of islands is flawed. Since the percolation threshold of a 3D thin film is expected to be substantially below the bulk value of ;0.3, a typical ;1:1 mixture cannot have a significant number of islands. 16 Indeed, it would be difficult to explain ;100% quantum efficiency 7 in BHJ-OPV, if exciton quenching in isolated islands led to substantial loss in photocurrent. We have recently shown that "random morphology is close to optimum" and morphology engineering does not yield substantial benefits in terms of performance or variability (Fig. 8) . 26 The kinetically trapped morphology and/or templated structures, however, may improve long-term thermal stability. A key stability concern for solutionprocessed BHJ-OPV fabricated at low temperature is its propensity for phase segregation even at operating conditions. 24 If optimized for peak efficiency before installation, a dramatic degradation in efficiency is expected (and has been experimentally observed) during operation. In this regard, the top-down template structure may improve thermal stability of the film and increase the lifetime of the solar cells.
B. Approaches for improved mobility or suppressed recombination
Numerical simulations show that improving mobility increases FF substantially. 26 A wide variety of ideas have been offered but none without important drawbacks. For example, improving crystallinity improves mobility of a polymer, 99 but the film may no longer be processable in solution. Percolation doping by carbon nanotubes 103 or nanostructured electrodes [104] [105] [106] [107] are expected to reduce the path lengths of charge collection and improve FF [ Fig. 9(a)] ; however, the initial results are inconclusive. In fact, theoretical calculations show that if these electrodes breach the junction, J rec may be substantially enhanced, and the efficiency gain is completely lost. Finally, there have been several recent efforts to reduce recombination at the interface. [108] [109] [110] This technique appears promising, but adaptability to BHJ-OPV remains an open question. As an alternative to mobility enhancement, one can also try to suppress interfacial recombination by introducing a thin charged layer [ Fig. 9(b) ] at the D-A interface, so that the free carriers are pushed away from the interface and the recombination is suppressed. Initial theoretical calculation suggests that this approach may increase the FF dramatically to ;80%. 111 While similar concepts have been demonstrated for planar heterojunction cells, 108 its feasibility for BHJ-OPV is yet to be demonstrated.
C. Low band gap and low cross-gap materials
The HOMO-LUMO gap of a typical polymer in use today ranges between 1.7 and 1.9 eV, and many researchers feel that lowering the band gap to 1.2-1.5 eV may improve J SC and efficiency. In a recent article, Nelson 5 summarizes various techniques to develop low band gap polymers such as planarization of the polymer backbone, addition of heteroatoms, alternating electron-rich units with electronpoor units in a push-pull configuration, etc. Figure 2 , however, shows that for typical band discontinuity of DE ([ LUMO D À LUMO A ) ; 0.5 eV, the change in bulk band gap E G ([ LUMO D À HOMO D ) does not improve efficiency significantly. Instead, it is more important to reduce the band discontinuity between the HOMO level of the donor polymer and LUMO level of the acceptor polymer, i.e., increase the cross-gap between the polymer pairs. Efforts to lower band discontinuity by either increasing the LUMO level of PCBM by adding various side chains or decreasing HOMO level of P3HT by replacing C with Si have already been demonstrated. Finally, an approach based on including low band gap dye at the D/A interface seems promising, 112 but the efficiency gain by this approach needs to be quantified.
The efficiency enhancement strategies, as reviewed in this section, focus on improving the intrinsic material or device properties and hence must be implemented at cell level. To translate these improvements into higher panel efficiencies, we must also identify and minimize the parasitic losses responsible for reducing the panel efficiency. In Sec. V, we outline a combined device-circuit approach for capturing theses aspects and discuss the insights it offers.
V. ORIGIN OF POOR PANEL EFFICIENCY IN OPV
A common challenge for all PV technologies is the loss of efficiency when cells are connected in series to create the solar panel. This gap between cell and panel efficiency is universal for all technologies, including OPV, where panel aperture area efficiencies are as low as 2-3%. [113] [114] [115] There are many factors responsible for this loss in efficiency at the panel level, arising from challenges in large area deposition of thin absorber and contact layers, while using low temperature high throughput processes. The two major loss mechanisms responsible for this gap between cell and panel are resistive losses in the transparent conducting oxide (TCO) layer and losses due to parasitic local shunt currents, distributed across the cell surface. These loss mechanisms are common to all solar cell technologies 27, [116] [117] [118] and, as we show in this section, account for a large percentage of panel efficiency loss. To analyze the panel efficiency, we use an equivalent circuit approach, which allows us to represent small individual cells using equivalent circuits, and connect them in series and parallel to form a panel. 27, [116] [117] [118] The intrinsic I-V characteristics obtained from the modeling approach discussed in the preceding sections can be used for analyzing small laboratory-scale cells (see Fig. 5 ). To simulate panel characteristics, however, we need to use an equivalent circuit framework, as shown in Fig. 10(a) . This can incorporate the intrinsic physics of generation and recombination inside the cell, as well as the physics and statistics of parasitic shunts, and contact sheet resistance, as shown in Fig. 10(a) . In thin film solar cells, the shunt current shows a power law voltage dependence, which can be understood as a localized space-charge-limited shunt path, in parallel to diode current. 27 These shunt defects are distributed spatially randomly on the cell surface, with their magnitudes showing a lognormal distribution. 116 To quantify the impact of these parasitic effects at panel level, we create an equivalent circuit of the panel, by using the cell equivalent circuit shown in Fig. 10(a) . As shown in Fig. 10(b) , for a typical thin film PV panel with N series cells in series, we divide individual cells into 1 Â 1 cm subcells, which are connected in series and parallel using the TCO sheet resistance to form a panel equivalent circuit. 117 Each subcell is represented by an equivalent circuit with different shunt current values, obtained from the measured lognormal distribution of shunt current values [ Fig. 10(b) ]. This approach enables us to carry out and end-to-end (i.e., processdevice-panel) simulation, by including the effect of parasitic loss mechanisms. Figure 11 (a) shows the schematic of a typical OPV panel, with geometrical dimensions obtained from data sheets of KonarkaÒ Technologies (Lowell, MA). We use the circuit approach discussed above and assign varying shunt current values to each subcell, as shown in Fig. 11(bi) . We assume that all other properties of the subcells are identical, except for the variation in parasitic shunt current. The subcell efficiency without any shunt losses is assumed to be 5%, a typical value for a high quality P3HT:PCBM cell. We can now simulate the whole panel circuit using SPICE and explore the effect of shunt variability on module performance. The impact of such randomly distributed shunts can be understood from Fig. 11(bii) , which shows the power output of individual subcells when the panel is operating at its maximum power point. Note that the highly shunted subcell (highlighted) actually consumes the power produced in the neighboring regions and has a disproportionately large impact on panel efficiency. This illustrates the importance of these correlated effects when cells are connected to form modules. The module efficiency is not a simple average of various cell efficiencies but is determined by these effects related to interconnection and biasing.
To get a more quantitative assessment of these losses, we also perform Monte Carlo simulations of panel efficiency in presence of random shunt defects and calculate the panel efficiency distribution for a given shunt distribution, as shown in Fig. 11(c) . Note that for best subcell efficiency of 5%, 10, 11, 119 the panel efficiency reduces to 2.7-3% for typical module dimensions. [113] [114] [115] The simulation also servers to highlight the respective contribution to panel efficiency loss from contact sheet resistance (about 1.6% absolute) and the shunt current variability (about 0.5% absolute). This gap between cell and module efficiency in OPV is fairly consistent with other PV technologies. 118 In this analysis, we have analyzed the losses due to shunt variability, due to its universal nature and availability of robust statistical data. 27, 116, 117 The SPICE framework used, however, is very general and can be easily adapted to analyze other sources of variability and panel level losses. This analysis highlights the "practical" efficiency limit of the OPV panels because of the inevitable shunt and series resistance losses. And, in addition to the various strategies for efficiency improvement at the cell level, mitigation of these losses will require an enhanced emphasis on improvement in TCO properties and improved process control in manufacturing.
VI. PROGNOSIS AND CONCLUSION
The analysis in this paper leads to a number of surprising conclusions regarding the efficiency of BHJ-OPV from cell to panel level.
(i) A simple derivation of the thermodynamic limit of efficiency for BHJ-OPV shows that while the band gap discontinuity (DE) between donor/acceptor material is essential for exciton dissociation, it is also responsible for loss of intrinsic efficiency below the classical SQ limit, g SQ (E G ) . g
BHJ SQ (E G , DE).
(ii) The g BHJ SQ (E G , DE) limit is yet to be achieved in practice. A combination of process modeling and a coupled solution of exciton, electron, and hole transport traces this difference in efficiency to low FF arising from poor mobility of polymers and high recombination at the D/A interface; otherwise, J SC is already close to maximum limit and V OC cannot be changed with morphology engineering.
(iii) Various approaches to improve mobility (e.g., crystalline, projected electrode, doping by nanowires or nanotubes) are being explored and could improve performance-however, each approach also has important drawbacks whose implication should be understood in a comprehensive framework.
(iv) Our use of 3D percolation theory suggests that (a) random morphology is close to optimum, i.e., the performance of OPV cannot increase significantly with regularizing the structure and that (b) the volume ratio cannot significantly deviate from 1:1 mixture.
(v) We find that efficiency improvement requires that we simultaneously reduce E G and band discontinuity DE. Unless DE is reduced significantly, exclusive focus on band gap reduction may not improve efficiency significantly.
(vi) Finally, we used combined device-circuit simulations to study the practical constraints in translating OPV cell efficiency to panel efficiency. The analysis points to the dominant role of contact sheet resistance and random shunt defects in reducing the panel level performance.
Despite the constraints of morphology and transport discussed in this article, the low cost of solution-processed polymers and the impressive increase in efficiency over the last decade suggests bright prospects of OPV in applications like building-integrated PV where its low-cost unique form factor, reduced weight, semitransparency, "aesthetics appeal" may not be matched by more traditional PV technologies. 
